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Universidade de Lisboa, Portugal

In collaboration with: W. Khater, O. M. Øgreid, P. Osland, M. N. Rebelo

Based on [2108.07026] and [2204.05684]

https://arxiv.org/abs/2108.07026
https://arxiv.org/abs/2204.05684


Inert Doublet Model Three-Higgs-Doublet Models

Inert Doublet Model: Introduction

Building blocks SU(2) doublets, h =

(
h+

h0

)
.

Bilinear hij = h†
i hj .

V2HDM =m2
11h11 +m2

22h22 −
(
m2

12h12 + h.c.
)

+
1

2
λ1h

2
11 +

1

2
λ2h

2
22 + λ3h11h22 + λ4h12h21

+

{
1

2
λ5h

2
12 + λ6h11h12 + λ7h22h12 + h.c.

}
.

VIDM =m2
11h11 +m2

22h22 −
(
m2

12h12 + h.c.
)

+
1

2
λ1h

2
11 +

1

2
λ2h

2
22 + λ3h11h22 + λ4h12h21

+

{
1

2
λ5h

2
12 + λ6h11h12 + λ7h22h12 + h.c.

}
.

Z2 :

{
h1 → h1,

h2 → −h2,
vacuum:

{
⟨0|h1|0⟩ ̸= 0,

⟨0|h2|0⟩ = 0.
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Inert Doublet Model Three-Higgs-Doublet Models

Dark Matter in Inert Doublet Model and Three-Higgs-Doublet Models

IDM: [1612.00511], [1809.07712];

IDM2 (one inert doublet): [1911.06477];

(Two inert doublets)

3HDM: [1407.7859], [1507.08433], [1712.09598];

��CP-3HDM: [1608.01673];

2
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Inert Doublet Model Three-Higgs-Doublet Models

S3-Symmetric Three-Higgs-Doublet Models: S3 Group

Possible permutations: (1) (2) (3), (1 2) (3) . . . , (1 3 2) . . .

Transformations of an equilateral triangle:

S3 irreducible representation: χ1 ⊕ χ1′ ⊕ χ2. Assume (hS)1 ⊕

(
h1

h2

)
2

.

Symmetries reduce free parameters: NHDM
3HDM−−−−→ 46

S3−−→ (12)
Re−−−→ 10.

S3-3HDM models were classified in [1601.04654]:

vacuum:

{
11 real (w1, w2, wS) ,

18 complex
(
ŵ1e

iσ1 , ŵ2e
iσ2 , ŵS

)
.
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Inert Doublet Model Three-Higgs-Doublet Models

S3-Symmetric Three-Higgs-Doublet Models: Yukawa Interactions

Whenever wS ̸= 0 we can construct a trivial Yukawa sector:

Mu =
1√
2

(
yu
ij

)
w∗

S , Md = . . .

Fermions can transform non-trivially under S3:

2 : (Q1 Q2)
T , (u1R u2R)

T , (d1R d2R)
T and 1 : Q3, u3R , d3R ,

Mu =
1√
2

yu
1w

∗
S + yu

2w
∗
2 yu

2w
∗
1 yu

4w
∗
1

yu
2w

∗
1 yu

1w
∗
S − yu

2w
∗
2 yu

4w
∗
2

yu
5w

∗
1 yu

5w
∗
2 yu

3w
∗
S

 , Md = . . .

Suppose that w1 = 0:

Mu =
1√
2

yu
1w

∗
S + yu

2w
∗
2 0 0

0 yu
1w

∗
S − yu

2w
∗
2 yu

4w
∗
2

0 yu
5w

∗
2 yu

3w
∗
S

 .
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Inert Doublet Model Three-Higgs-Doublet Models

Physical Spectrum and Constraints

R-II-1a C-III-a

Vacuum
{0, w2, wS} {0, ŵ2e

iσ, ŵS}
CP-violation

Inert states {h±, η, χ} {h±, (φ1 − φ2)}
2 DM candidates

Active states {H±, (h − H) , A} {H±, (H1 − H2 − H3)}

Fermions transform trivially under S3.

Models are analysed using 8 input parameters.

Both theoretical and experimental constraints, at 3-σ, are evaluated:

• Cut 1: perturbativity, stability, unitarity checks, LEP constraints;

• Cut 2: h → {VV , FF}, S and T , B̄ → X (s)γ;

• Cut 3: h → {invisible, γγ}, ΩCDMh2, direct searches;
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iσ, ŵS}
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Inert Doublet Model Three-Higgs-Doublet Models

Results: Relic Density

Scans performed using micrOMEGAs 5.3.35.

Trilinear and quartic couplings are not tuneable!

R-II-1a: g(XXh)
v

∣∣∣
SM

= g(XXhh)
∣∣
SM

= 1
v2

[
m2

h + 2m2
X

]
.

X

X

h
h

h

X

X

X

h

h

X

X

h

h
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Inert Doublet Model Three-Higgs-Doublet Models

Results: Scalar Masses

Cut 1
Cut 2: 3 -σ

Cut 2: 2 -σ
Cut 3
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Inert Doublet Model Three-Higgs-Doublet Models

Results: Direct Detection of Dark Matter
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Inert Doublet Model Three-Higgs-Doublet Models

Dark Matter in S3-Symmetric Three-Higgs-Doublet Models

R-II-1a

100 GeV

IDM

50 GeV 500 GeV200 GeV

3HDM

SCALAR DM MASS RANGES

IDM2

1000 GeV

3HDMCP

Z2

Z2

Z2

�
⌘

1

C-III-a

10 GeV 20 GeV5 GeV
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Inert Doublet Model Three-Higgs-Doublet Models

Conclusions

• Multi-Higgs-doublet models are phenomenologically rich and can

accommodate a dark matter candidate;

• Possible dark matter candidates were identified within S3-3HDM;

• Viable dark matter regions: R-II-1a [52.5, 89] GeV, C-III-a [6.5, 44.5] GeV;

Work supported by the Fundação

para a Ciência e a Tecnologia (FCT,

Portugal) PhD fellowship with ref-

erence UI/BD/150735/2020 as

well as through the FCT projects

UIDB/00777/2020, UIDP/00777/2020,

CERN/FIS-PAR/0008/2019, PTDC/FIS-

PAR/29436/2017.

10



Appendix: Inert Doublet Model Relic Density

LEP excluded

V resonant co-annihilation

DM DM → h

DM DM → {W+W−, ZZ , hh}



Appendix: Scalar Potential

V3HDM =µ2
1 (h11 + h22) + µ2

0hSS

+ λ1 (h11 + h22)
2 + λ2 (h12 − h21)

2 + λ3

[
(h11 − h22)

2 + (h12 + h21)
2
]

+ {λ4 [hS1 (h12 + h21) + hS2 (h11 − h22)] + h.c.}+ λ5 [hSS (h11 + h22)]

+ λ6 [h1ShS1 + h2ShS2] +
{
λ7

[
h2
S1 + h2

S2

]
+ h.c.

}
+ λ8h

2
SS .

1 : [2⊗ 2]1, [1⊗ 1]1, [1
′ ⊗ 1′]1;

1′ : [2⊗ 2]1′ , [1⊗ 1′]1′ , [1
′ ⊗ 1]1′ ;

2 : [2⊗ 2]2, [1⊗ 2]2, [2⊗ 1]2, [1
′ ⊗ 2]2, [2⊗ 1′]2;

V3HDM =µ
2
1[2⊗ 2]1 + µ

2
0[1⊗ 1]1

+ λ1

(
[2⊗ 2]1 ⊗ [2⊗ 2]1

)
+ λ2

(
[2⊗ 2]1′ ⊗ [2⊗ 2]1′

)
+ λ3

(
[2⊗ 2]2 ⊗ [2⊗ 2]2

)
+ λ4

{(
[2⊗ 2]2 ⊗ [1⊗ 2]2

)
+

sym←−−→
}

+ λ5

(
[2⊗ 2]1 ⊗ [1⊗ 1]1

)
+ λ6

(
[1⊗ 2]2 ⊗ [2⊗ 1]2

)
+ λ7

{(
[1⊗ 2]2 ⊗ [1⊗ 2]2

)
+

sym←−−→
}

+ λ8

(
[1⊗ 1]1 ⊗ [1⊗ 1]1

)
.



Appendix: Continuous Symmetries

Massless state:

V (Uh) = V (h) ,

⟨0| (Uh) |0⟩ ≠ ⟨0|h|0⟩ .

Results of [2001.01994]:

Constraints Continuous symmetries
# of massless

states

[λ4 = 0] O(2) 1

· · ·+ [λ7 = 0] O(2)⊗U(1)hS 2

· · ·+ [λ2 + λ3 = 0]
SU(2)

[ O(2)⊗U(1)h1⊗U(1)h2⊗U(1)hS ]
3

https://arxiv.org/abs/2001.01994


Appendix: Dark Matter in S3-Symmetric Three-Higgs-Doublet Models

Vacuum vevs λ4 symmetry # massless states fermions under S3

R-I-1 (0, 0,wS )
√

S3, h1 → −h1 none trivial

R-I-2a (w, 0, 0)
√

S2 none non-trivial

R-I-2b,2c (w,±
√
3w, 0)

√
S2 none non-trivial

R-II-1a (0,w2,wS )
√

S2, h1 → −h1 none trivial

R-II-2 (0,w, 0) 0 h1 → −h1, hS → −hS 1 non-trivial

R-II-3 (w1,w2, 0) 0 hS → −hS 1 non-trivial

R-III-s (w1, 0,wS ) 0 h2 → −h2 1 trivial

C-I-a (ŵ1,±i ŵ1, 0)
√

cyclic Z3 none non-trivial

C-III-a (0, ŵ2e
iσ2 , ŵS )

√
S2, h1 → −h1 none trivial

C-III-b (±i ŵ1, 0, ŵS ) 0 h2 → −h2 1 trivial

C-III-c (ŵ1e
iσ1 , ŵ2e

iσ2 , 0) 0 hS → −hS 2 non-trivial

C-IV-a (ŵ1e
iσ1 , 0, ŵS ) 0 h2 → −h2 2 trivial

Possible DM candidates: 3 (exact S3) and 8 (softly broken S3) solutions.



Appendix: SU(2) Doublets in Terms of the Mass Eigenstates

R-II-1a:

h1 =

(
h+

1√
2
(η + iχ)

)
,

h2 =

(
sinβ G+ − cosβ H+

1√
2

(
sinβ v + cosα h − sinαH + i

(
sinβ G 0 − cosβ A

))) ,

hS =

(
cosβ G+ + sinβ H+

1√
2

(
cosβ v + sinα h + cosαH + i

(
cosβ G 0 + sinβ A

))) .

C-III-a:

h1 = e iγ
(

h+

1√
2
(φ1 + iφ2)

)
,

h2 = e iσ
(

sinβ G+ − cosβ H+

1√
2

(
sinβ v + i sinβ G 0 +

∑3
i=1

[
sinβR0

i1 − cosβ
(
R0

i2 + iR0
i3

)]
Hi

)) ,

hS =

(
cosβ G+ + sinβ H+

1√
2

(
cosβ v + i cosβ G 0 +

∑3
i=1

[
cosβR0

i1 + sinβ
(
R0

i2 + iR0
i3

)]
Hi

)) .



Appendix: Input Parameters

R-II-1a (2 angles + 6 masses):

• Diagonalisation angles {β, α};

• Charged masses m
φ±
i
∈ [0.07, 1] TeV;

• Inert masses mφi ∈ [0, 1] TeV;

• Active masses {mH , mA} ∈ [mh, 1 TeV];

C-III-a (5 angles + 3 masses):

• Diagonalisation angles {β, γ, θ2, θ3} and phase σ;

• Charged masses {mh+ , mH+} ∈ [0.07, 1] TeV;

• DM mass mφ1 ∈ [0, 1] TeV;



Appendix: R-II-1a Benchmark Points



Appendix: C-III-a Benchmark Points



Appendix: HiggsBounds Applied to R-II-1a (Preliminary)
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